All relevant data are within the paper and its Supporting Information files.

Introduction {#sec004}
============

Elucidation of glucose signaling mechanisms and gene regulation in eukaryotic cells as well as its impact on cellular processes is a fundamental issue for the efficient treatment of metabolic disorders such as cancer and diabetes. Additionally, when studied in yeast cells, it facilities the intelligent design and engineering of the microorganism for the improvement of industrial processes, such as the conversion of biological substances to industrially interesting products of high value \[[@pone.0185516.ref001]\], \[[@pone.0185516.ref002]\].

To sustain growth and development, *S*. *cerevisiae* ensures the optimal utilization of glucose by adjusting its transcriptional program to the availability of the key metabolite \[[@pone.0185516.ref003]\]. It is a wildly accepted knowledge that presence of glucose, in the external environment is signaled to the related genes. This signal transduction is performed by a cascade of proteins, that communicate the signal *via* phosphorylation to transcription factors and chromatin remodeling complexes \[[@pone.0185516.ref004]\]. Glucose signaling represses a large set of yeast genes to achieve reprogramming of the cell metabolism in response to availability of glucose and glucose concentrations. For instance the reprogramming is observed during the transition from fermentative growth on glucose and the phase of oxidative phosphorylation when glucose starts depleting. Consequently, the cells require the activity of enzymes for the metabolism of non-fermentable carbon sources (Fbp1, Pck1, Pyk2 and many others). Long term glucose repression and glucose induction of gene expression on the genomic scale, act mainly at the transcriptional level \[[@pone.0185516.ref005]\], \[[@pone.0185516.ref006]\].

Signaling encompasses the entire process of sensing stimuli, generating intracellular signals, signal transduction and the generation of an appropriate response.

Expression of the major group of glucose transporters, *HXT1-4* and *HXT6* and *HXT7*, is mainly controlled by the Snf3/Rgt2-Rgt1 (SRR) signaling pathway \[[@pone.0185516.ref007]\]. However, additional pathways are involved in expression of these transporters, such as the Snf1-Mig1 and the cAMP-PKA pathway \[[@pone.0185516.ref008]\], \[[@pone.0185516.ref003]\], \[[@pone.0185516.ref009]\], \[[@pone.0185516.ref010]\].

Snf3, and Rgt2 the components of the glucose induction signaling pathway, are the glucose protein sensors embedded in the cell membrane \[[@pone.0185516.ref011]\], \[[@pone.0185516.ref012]\]. Binding of glucose to sensory proteins outside the cell activates the downstream signaling cascade within the cell that leads to the activation of *HXT* genes expression encoding glucose transporters of different affinity to glucose ([Fig 1](#pone.0185516.g001){ref-type="fig"}).

![Diagram illustrating the crosstalk between the Snf1-Mig1 and Snf3/Rgt2-Rgt1 (SRR) pathways and glycolysis in yeast resulting in *HXT2* gene repression, under fermentable and non-fermentative growth conditions.\
Transcription of the *HXT2* gene is repressed by the Rgt1/Ssn6-Tup1 complex in the absence of glucose and under non-fermentable growth conditions (A). Rgt1 recruits Ssn6-Tup1 in a Mth1-dependent manner to form the repressor complex. Mth1 protein prevents Rgt1 phosphorylation by PKA kinase. Snf1 kinase is activated under these conditions \[[@pone.0185516.ref033]\]. Snf1 kinase phosphorylates and regulates the Mig1 interaction with DNA and Ssn6-Tup1. See the text for further details. LEGEND: Fps1- glycerol transporter/exporter, Stl1 --glycerol transporter \[[@pone.0185516.ref057]\], Gut1- glycerol kinase converts glycerol to glycerol-3-phophate. (B) Under high-glucose conditions, the *HXT2* gene is repressed by the Snf1-Mig1 pathway. Mig1 is dephosphorylated and recruits Ssn6-Tup1 to mediate the repression. Snf1 induces the repression of *MTH1* gene expression. Glucose binding generates a signal that leads to proteasomal degradation of Mth1 *via* the Snf3/Rgt2-Rgt1 (SRR) pathway, which causes Rgt1 phosphorylation by PKA. See the text for further details. LEGEND: Yck1, 2 casein kinases, Std1- SCF^Grr1^ complex, Hxk2- glucose hexokinase, Reg1-Glc7- phosphatase complex. The diagrams are presented in SBGN format using CellDesigner^™^ 4.4 software.](pone.0185516.g001){#pone.0185516.g001}

The sensors also provide information about the concentration of available extracellular glucose. Snf3 senses low availability of glucose, which leads to expression of *HXT* genes with high/intermediate affinity for glucose (*HXT6*, *HXT7*, *HXT2* and *HXT4*). Rgt2 initiates low-affinity signaling and glucose uptake system *via* the *HXT1* and *HXT3* transporters when glucose is abundant \[[@pone.0185516.ref013]\], \[[@pone.0185516.ref014]\]. *HXT2* gene expression, which responds by full induction at low glucose concentration, shows an opposite behavior in response to the glucose to *HXT1*, which is fully activated at high glucose concentration in the medium \[[@pone.0185516.ref015]\], \[[@pone.0185516.ref016]\]. *HXT*6 and *HXT7* are the only genes that encode glucose transporters, the expression of which increases not only under glucose-limited conditions but also in the presence of a non-fermentable carbon source, such as ethanol or glycerol \[[@pone.0185516.ref015]\], \[[@pone.0185516.ref017]\].

The regulation of *HXT* expression has been reported to be extremely sensitive and responsive to subtle changes in the levels of the components of signaling cascade \[[@pone.0185516.ref018]\]. Mth1 and Std1 corepressor proteins are the only reported links in the signaling cascade between the transmembrane glucose sensor proteins Snf3/Rgt2 and the transcription factors that physically bind DNA to regulate the expression of genes, whose products are responsible for glucose uptake and metabolism \[[@pone.0185516.ref019]\], \[[@pone.0185516.ref020]\]. Mth1 and Std1 are mainly functional in the absence of glucose. Mth1 is abundant only under conditions of no external glucose. External glucose when properly sensed, initiates Mth1 degradation *via* SCF^Grr1^ complex mediated ubiquitination and the 26S proteasome which is triggered by Mth1 phosphorylation by Yck1 and Yck2 casein kinases and other unknown factors \[[@pone.0185516.ref021]\], \[[@pone.0185516.ref022]\], \[[@pone.0185516.ref023]\].

The lack of *MTH1* gene has been shown to have no effect on the expression of *HXT1* encoding a low-affinity transporter but strongly increases the expression of *HXT2* in the absence of glucose, on a non-fermentable carbon source \[[@pone.0185516.ref024]\], \[[@pone.0185516.ref025]\]. Std1, which has been established as functionally redundant to Mth1, has a strong inhibitory effect on *HXT1* and *HXT3* transcription and its effect on *HXT2* and *HXT4* is negligible \[[@pone.0185516.ref024]\], \[[@pone.0185516.ref026]\].

Mth1 facilities the transcriptional repression of *HXT* genes by regulating the function of the Rgt1 transcriptional repressor by preventing its phosphorylation by PKA kinase (cAMP-PKA pathway master component) in the nucleus, in the absence of glucose \[[@pone.0185516.ref027]\], \[[@pone.0185516.ref019]\], \[[@pone.0185516.ref020]\], \[[@pone.0185516.ref028]\], \[[@pone.0185516.ref009]\], \[[@pone.0185516.ref029]\], \[[@pone.0185516.ref030]\]. Therefore Mth1 and Rgt1 serve as regulators which connect the Snf3/Rgt2 and cAMP-PKA pathways.

Dephosphorylated Rgt1 remains bound to DNA until Mth1, which forms a corepresor complex with Rgt1, is present \[[@pone.0185516.ref031]\], \[[@pone.0185516.ref032]\], \[[@pone.0185516.ref019]\]. Mth1 seems to be a "central signal receiver" in the network of three intertwining signaling pathways Snf1-Mig1, Snf3/Rgt2-Rgt1 (SRR) and cAMP-PKA pathways and the combination of Mth1 and Rgt1 corepressors is required for full *HXT2* repression \[[@pone.0185516.ref018]\]. Keeping the level of corepressors is crucial to maintain repression. *MTH1* gene expression is downregulated by glucose through the Snf1-Mig1 signaling pathway \[[@pone.0185516.ref020]\].

The Snf1-Mig1 signaling is a well-established pathway for transducing information about the intracellular environment to the glucose-repressed genes and it is intertwined with the glycolytic pathway through Snf1 kinase, which is constitutively associated with hexokinase 2 (Hxk2) protein \[[@pone.0185516.ref033]\], \[[@pone.0185516.ref034]\], \[[@pone.0185516.ref035]\]. Hxk2 has a dual function: in addition to phosphorylating glucose in the first catalytic reaction of the glycolytic pathway, it is an important regulator of the glucose repression signal in the nucleus. Recently, Hxk2 has been proposed as an intracellular glucose sensor that changes its conformation in response to cytoplasmic glucose levels \[[@pone.0185516.ref036]\].

The precise regulatory role of Hxk2 in the glucose signaling network remains obscure. The Snf1 kinase, the budding yeast orthologue of AMP-activated protein kinase (AMPK), is a key component of the glucose repression pathway and regulates only a limited set of glucose-repressed genes \[[@pone.0185516.ref032]\], \[[@pone.0185516.ref016]\], \[[@pone.0185516.ref037]\]. When activated in the absence of glucose, Snf1 is able to phosphorylate Mig1 and permits expression of the genes under Mig1-mediated glucose repression \[[@pone.0185516.ref038]\], \[[@pone.0185516.ref003]\], \[[@pone.0185516.ref027]\], \[[@pone.0185516.ref039]\]. Mig1 regulates the majority of glucose-responsive genes to fulfill the activities needed for ethanol metabolism, β- oxidation of fatty acids, amino acids transport and biosynthesis, meiosis and sporulation, however it is also targeted to *HXT* genes to prevent the unnecessary biosynthesis of glucose transporters, with Km for glucose, that is inconsistent with the current availability of the hexose concentration in the environment \[[@pone.0185516.ref039]\].

In pursuit of reprogramming the *HXT* genes expression, Mig1 and Rgt1, in association with their target promoters, recruit the Ssn6-Tup1 corepressor protein complex \[[@pone.0185516.ref040]\]. Activation of *HXT2* expression has been shown to be dependent on the release of Ssn6-Tup1 repression by Snf1 kinase \[[@pone.0185516.ref041]\]. Tup1 has been reported to function as a corepressor of the *HXT1* gene \[[@pone.0185516.ref042]\], \[[@pone.0185516.ref043]\], but has also been shown to be involved in the induction of genes expression through reorganization of the chromatin structure. In the newest model proposed by Wong and Struhl the Ssn6-Tup1complex has a dual function in gene transcription as a repressor-activator complex \[[@pone.0185516.ref044]\]. Tup1 has been shown to play a role in the recruitment of the acetyltransferase SAGA complex, the ATP-dependent chromatin remodeling SWI/SNF global transcription activator complex and the mediator to several promoters \[[@pone.0185516.ref045]\], \[[@pone.0185516.ref046]\], \[[@pone.0185516.ref043]\], \[[@pone.0185516.ref044]\].

Activity of RNA Polymerase III in response to glucose {#sec005}
-----------------------------------------------------

Yeast cell systems biology provides evidence that in response to glucose, a synergistic metabolic and transcriptional control occur, which is illustrated by the up-regulation of several genes involved in transcription and translation functions such as common subunits of RNA polymerases I, II and III as well as genes encoding products that are necessary for tRNA modification \[[@pone.0185516.ref047]\]. Thus, yeast modulate the level of protein synthesis accordingly to their metabolic requirements. The regulation of RNAP III is primarily tied to the regulation of cell growth and cell cycle \[[@pone.0185516.ref048]\]. Maf1, which is the only negative regulator of RNA Polymerase III, has been shown to be involved in coupling carbon metabolism to tRNA transcription \[[@pone.0185516.ref049]\]. Under unfavorable growth conditions, the Maf1 protein represses RNAP III activity \[[@pone.0185516.ref050]\], \[[@pone.0185516.ref051]\]. In yeast the regulation of tRNA transcription by Maf1 is essential at the transition from fermentative growth on glucose to oxidative respiratory growth. Maf1 plays an essential mediator role integrating carbon metabolism with repression of RNAP III dependent transcription and is broadly conserved in eukaryotes \[[@pone.0185516.ref052]\], \[[@pone.0185516.ref053]\], \[[@pone.0185516.ref054]\].

Inactivation of the gene encoding Maf1, up-regulates tRNA synthesis and inhibits yeast growth on respiratory substrates, which is correlated with a decrease in *FBP1* and *PCK1* gene transcription, the genes indispensable for utilization of non-fermentable carbon source \[[@pone.0185516.ref055]\]. The growth defect in *maf1-Δ* on glycerol can be suppressed by mutations that down-regulate RNAP III transcription. The *rpc128-1007* mutant carrying a single nucleotide change localized close to the nucleotide binding motif in the C-terminus of the RNAP III catalytic subunit C128, is one of the suppressors, that restores the ability of *maf1-Δ* deficient cells ability to grow in medium with glycerol as a sole carbon source \[[@pone.0185516.ref056]\].

Here we study the unusual relationship between RNA Polymerase III activity and *HXT* genes expression, which are protein-coding genes dependent on RNA Polymerase II transcription.

We used two *S*. *cerevisiae* mutants, *maf1-Δ* and *rpc128-1007* with, respectively, up- and down-regulated RNAP III activity \[[@pone.0185516.ref049]\] to examine the expression of the high-affinity glucose transporter gene *HXT2*. In this study, we report that altered RNAP III activity in the aforementioned mutants *maf1-Δ* and *rpc128-1007* affect the levels of *HXT* mRNA encoding high-glucose affinity transporters, both on high glucose concentration and on non-fermentable carbon source.

Based on the results obtained during this study on glucose signaling *via* Snf1-Mig1, and Snf3/Rgt2-Rgt1 (SRR) systems, we discuss and provide evidence of an exceptional case of *HXT2* expression to the generalized causality model by Zaman asserting that the cellular perception of nutrient availability establishes the transcriptional pattern in yeast \[[@pone.0185516.ref016]\].

Materials and methods {#sec006}
=====================

Yeast strains, plasmids and media {#sec007}
---------------------------------

The following yeast strains were used in this study: wild-type MB159-4D \[[@pone.0185516.ref058]\] with unchanged RNAP III activity, the MB159-4D *maf1-Δ*::*URA3 MAF1*-deficient mutant with elevated RNAP III activity and the MJ15-9C mutant with a single point mutation in the C128 RNAP III subunit with reduced enzyme activity ([Table 1](#pone.0185516.t001){ref-type="table"}). To delete *MAF1*, an *URA3* cassette surrounded on each side by *MAF1*-flanking regions was extracted from an agarose gel after plasmid I-0306 digestion with *HindIII*, *EcoRI* and *PvuI*. The digestion product of 2200 bp was transformed into the MB159-4D background using the LiAc/SS carrier DNA/PEG method \[[@pone.0185516.ref059]\]. The replacement of *MAF1* with the *URA3* cassette was confirmed by PCR. Strain BY4741 *reg1-Δ*::*kanMX4* was obtained from Euroscarf. The Y0753 *rsp5-Δ*::*HIS3* \[SPT23^1-686^:URA3\] transformant was obtained from the Institute of Biochemistry and Biophysics, PAS, Warsaw. The strains were used for RNA preparation, real-time PCR quantification and glucose uptake analysis.

10.1371/journal.pone.0185516.t001

###### Yeast strains used in the study.

![](pone.0185516.t001){#pone.0185516.t001g}

  Strain              Genotype                                                                                                        Reference/ Source
  ------------------- --------------------------------------------------------------------------------------------------------------- ----------------------------
  MB159-4D            *MATa SUP11 ura3 leu2-3*, *112 ade 2--1 lys 2--1 trp*                                                           \[[@pone.0185516.ref058]\]
  MA159-4D *maf1-Δ*   *MATa SUP11 ura3 leu2-3*, *112 ade 2--1 lys 2--1 trp maf1-Δ*::*URA3*                                            This study
  MJ15-9C             *MATa rpc128-1007 SUP11 ura3 leu2-3*, *112 ade 2--1 lys 2--1 trp*                                               \[[@pone.0185516.ref049]\]
  MA159-4D Mig1-3HA   *MATa SUP11 ura3 leu2-3*, *112 ade 2--1 lys 2--1 trp Mig1-3HA-kanMX6*                                           This study
  MA15-9C Mig1-3HA    *MATa rpc128-1007 SUP11 ura3 leu2-3*, *112 ade 2--1 lys 2--1 trp Mig1-3HA-kanMX6*                               This study
  MA159-4D Tup1-3HA   *MATa SUP11 ura3 leu2-3*, *112 ade 2--1 lys 2--1 trp Tup1-3HA-kanMX6*                                           This study
  MA15-9C Tup1-3HA    *MATa rpc128-1007 SUP11 ura3 leu2-3*, *112 ade 2--1 lys 2--1 trp Tup1-3HA-kanMX6*                               This study
  MA159-4D Rgt1-3HA   *MATa SUP11 ura3 leu2-3*, *112 ade 2--1 lys 2--1 trp Rgt1-3HA-kanMX6*                                           This study
  MA15-9C Rgt1-3HA    *MATa rpc128-1007 SUP11 ura3 leu2-3*, *112 ade 2--1 lys 2--1 trp Rgt1-3HA-kanMX6*                               This study
  RS159-4D Mth1-3HA   *MATa SUP11 ura3 leu2-3*, *112 ade 2--1 lys 2--1 trp Mth1-3HA-kanMX6*                                           This study
  RS15-9C Mth1-3HA    *MATa rpc128-1007 SUP11 ura3 leu2-3*, *112 ade 2--1 lys 2--1 trp Mth1-3HA-kanMX6*                               This study
  Y0753 *rsp5-Δ*      *MATa*, *his3Δ200 leu2-3*, *2--112*, *lys2-901*, *trp1-1*, *ura3-52 rsp5-Δ*::*HIS3 \[SPT23*^*1-686*^:*URA3\]*   \[[@pone.0185516.ref054]\]
  BY4741 *reg1-Δ*     *MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 reg1-Δ*::*kanMX4*                                                            Euroscarf
  BY4741 *fab1-Δ*     *MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 fab1-Δ*::*kanMX4*                                                            Euroscarf
  BY4741 *vac14-Δ*    *MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 vac14-Δ*::*kanMX4*                                                           Euroscarf

The Mig1-3HA, Rgt1-3HA, Tup1-3HA and Mth1-3HA chromosomally encoded yeast derivatives were obtained by PCR amplification of the KanMX6 cassette from pFA6a-3HA-kanMX6 plasmid DNA. The primers used for amplification were designed to create C-terminal 3HA epitope-tagged proteins according to Longtine \[[@pone.0185516.ref060]\]. MB159-4D and the MJ15-9C were transformed with PCR products and after verification of positive clones by control PCR were used for Western blotting and chromatin immunoprecipitation (ChIP). The primers used to generate 3HA tagging and plasmids are listed in Supporting information [S1](#pone.0185516.s001){ref-type="supplementary-material"} and [S2](#pone.0185516.s002){ref-type="supplementary-material"} Tables.

All yeast strains were prepared according to Sherman \[[@pone.0185516.ref061]\]. Rich yeast YP medium (1% peptone, 1% yeast extract) was supplemented with 2% glucose (YPD) or 2% glycerol (YPGly) as a carbon source. For transformation purposes the transformants were selected on the YPD medium supplemented with G418 sulfate (geneticin) or SC minimal medium (0.67% yeast nitrogen base, 0.77 g/L appropriate amino acids CSM) was supplemented with 2% glucose medium. Yeast cells transformation mixtures were cultivated on plates containing SC medium lacking uracil and YPD supplemented with geneticin at 30°C for 3 days.

For other experiments, overnight yeast cultures were diluted to A~600~ ≈ 0.1 and grown to logarithmic phase (A~600~ ≈ 1.0) at 30°C with agitation at 250 rpm in YPD or YPGly. When *maf1-Δ* grown in YPGly medium and when reached A~600~ ≈ 1.0 it was shifted from 30°C to 37°C for 2 h.

Preparation of RNA and real-time PCR quantification {#sec008}
---------------------------------------------------

The MB159-4D reference strain and the *rpc128-1007*, *maf1-Δ* and *rsp5-Δ* \[SPT23^1-686^:URA3\] mutant strains were cultured in liquid medium in triplicate as independent biological repeats. The isogenic wild-type strain and *maf1-Δ* and were grown in YPGly medium with 2% glycerol to log phase (A~600~ ≈ 1.0) and then shifted to the restrictive temperature (37°C) for 2 h, allowing *maf1-Δ* to accumulate tRNA. The cultures (20 ml) were harvested by centrifugation and rapidly frozen in liquid nitrogen. RNA isolation was performed according to Schmitt \[[@pone.0185516.ref062]\] protocol with increased phenol: chloroform: isoamyl alcohol volumes (500 μl of the mixture). Total RNA was isolated by heating and freezing the cells in the presence of sodium dodecyl sulfate (SDS) and phenol. Cells were resuspended in 50 mM Na acetate pH = 5.3 10 mM EDTA. The incubation time with phenol at 65°C was extended to 5 min. Additionally, glass beads (425--600 μm; Sigma Aldrich) were used for cell disintegration. The samples were homogenized using the MiniBeadbeater 24 (Biospec products) 3 times using 3000 hits per minute with a duration of 20 s each. Total RNA was quantified spectroscopically using an automated analyzer Synergy H4 (BioTek), and its integrity was assessed by gel electrophoresis in 1x NBC (0.05 M boric acid, 0.1 mM Na citrate, 5 mM NaOH with formaldehyde). One microgram of isolated RNA was treated with DNAse I (ThermoScientific) according to the manufacturer's suggested protocol. The reverse transcription reaction was primed using random hexamer oligonucleotides. Real-Time PCR reaction was performed in 384-well plates using the LightCycler 480 instrument (Roche Molecular Biochemicals). The reaction mixture (10 μl volume) was prepared with the following components: 5 μl of 2x Kapa SYBR Fast qPCR MasterMix, 3 μl of 1 mM forward and reverse gene-specific primers mix and 2 μl of cDNA. The amplification reaction consisted of 3 min of preincubation in 95°C and 45 cycles of amplification at 95°C for 10 s, 60°C for 15 s and 72°C for 15 s. At the end of the analysis, the amplification specificity was controlled by subjecting the products to a melting curve analysis in which the temperature was increased from 65°C to 97°C at 2.2°C/s. The threshold (Ct) values were obtained using the automated setting of the LightCycler software release 1.5.0 (Roche Molecular Biochemicals). The samples were normalized to two reference genes---U2 spliceosomal RNA (*U2*) and small cytosolic RNA (*SCR1*) by using the Vandesompele method \[[@pone.0185516.ref063]\]. To identify the best reference genes among *U2*, *SCR1*, *PGK*, *QCR9*, the NormFinder macro was applied using the algorithm proposed by Andersen \[[@pone.0185516.ref064]\]. All of the reaction sets were conducted at least in triplicate and each set included a no template control. The relative expression levels of the chosen genes and standard deviation were calculated using the Gene Expression Analysis for iCycler iQ^®^ Real-Time PCR Detection System macro version 1.10 (Bio-Rad, 2004) according to Livak method \[[@pone.0185516.ref065]\]. The statistical significance was computed using one-way completely randomized ANOVA. The oligonucleotides used for real-time PCR are listed in Supporting information [S3 Table](#pone.0185516.s003){ref-type="supplementary-material"}.

Western blotting and immunoprecipitation {#sec009}
----------------------------------------

Rgt1-3HA and Tup1-3HA-expressing strains were grown to A~600~ ≈ 1.0, centrifuged, rapidly frozen in liquid nitrogen and stored at -20°C. For Mig1-3HA analysis, yeast cultures at A~600~ ≈ 1.0 were quenched with 100% trichloroacetic acid solution (TCA) at a ratio of 1:5 before centrifugation \[[@pone.0185516.ref066]\]. To extract proteins, yeast pellets were incubated in 2 M NaOH supplemented with 7% β- mercaptoethanol for 2 min, followed by addition of 50% TCA, vigorously mixing and centrifugation. Cell pellets were washed twice with 1 M Tris-HCl pH = 7.5 buffer. Protein extracts were suspended in 2x sample buffer (2x SB 0.1 M Trisma base pH = 8.8, 4% SDS, 20% glycerol, 7% β- mercaptoethanol, 0.008% bromophenol blue), boiled at 95°C for 5 min, separated by 10% SDS-PAGE, electrotransferred to a nitrocellulose membrane and hybridized with mouse monoclonal anti-HA antibody (Covance, MMS-101P-1000; AB291259) diluted 1:2000 for 1 h. The nitrocellulose membrane was then incubated with secondary polyclonal goat anti-mouse antibodies conjugated to horseradish peroxidase (Dako, P0447; AB 2617137) diluted 1:2000 for 1 h. A 1:4000 dilution of mouse anti-Vma2 (LifeTechnologies, A6427; AB 2536202) was used for quantification purposes. Membranes were developed using the Clarity Western ECL chemiluminescence detection kit (Bio-Rad, 170--5060). To visualize Mth1, total protein extracts were obtained from 100 ml cultures expressing Mth1-3HA. The cells were suspended in a lysis buffer (50 mM Tris-HCl pH = 7.5; 1% Triton X-100; 250 mM NaCl with Protease Inhibitor Cocktail Tablets, Roche) and disrupted by vortexing with glass beads (425--600 μm; Sigma Aldrich) using 7 bursts of 1 min each at a settings of 3000 rpm/min. The samples were cooled on ice for at least 2 min between bursts. Protein extracts were immunoprecipitated with magnetic beads (Dynabeads Pan Mouse IgG, Invitrogen by Life Technologies) conjugated to mouse monoclonal anti-HA antibodies (Covance, MMS-101P-1000; AB 291259) at a dilution of 1:80 dilution for 18 h at 4°C. The beads were washed twice with lysis buffer, suspended in 2x SB and boiled for 10 min. The membrane was blocked with 5% milk and incubated with primary monoclonal rabbit anti-HA antibodies (Abcam, ab184643) diluted 1:4000 for 1 h, followed by incubation with secondary AP-conjugated polyclonal goat anti-rabbit antibodies (Dako, D0487; AB 2617144) diluted 1:2000 for 1 h. The BCIP/NBT Liquid Substrate System (Sigma, B1911) was used for visualization purposes. The protein bands intensity was measured using Syngene---GeneTools version 4.3.5 software.

Chromatin immunoprecipitation (ChIP-qPCR) {#sec010}
-----------------------------------------

Overnight yeast cultures were used to inoculate fresh YPD and YPGly medium to A~600~ *≈* 0.2. The cultures were grown to A~600~ *≈* 1.0. and fixed with formaldehyde at a final concentration of 1% for 20 min at room temperature. The reaction was stopped with glycine, which was added at a final concentration of 125 mM and incubated for 5 min to quench the cross-linking reaction. The cells were centrifuged, wash twice with 1x phosphate-buffered saline pH = 7.5 (PBS) frozen in liquid nitrogen and stored at -80°C. Yeast chromatin isolation, sonication, magnetic beads preparation, immunoprecipitation, elution and decrosslinking were performed according to Ren *et al*. with modifications \[[@pone.0185516.ref067]\]. The cells were disrupted with glass beads (425--600 μm; Sigma Aldrich) in FA/SDS buffer (50 mM HEPES; 1 mM EDTA pH = 8.0; 1% Triton X-100; 150 mM NaCl: 0.1% Na deoxycholate; 0.1% SDS with Protease Inhibitor Coctail Tablets, Roche) by homogenization with using a Mini-Beadbeater 24 (Biospec products) with 15 bursts of 1 min each at 3000 rpm/min at 4°C. Between bursts, the samples were cooled on ice for at least 1 min. Each tube was pierced at the bottom and the cell lysate was collected by centrifugation in a fresh tube. The lysate was sonicated 6 times for 30 s each (Bandelin Sonoplus Ultrasonic Homogenizer HD 2070, MS 72 microtip) at 20% power to obtain DNA fragments ranging in size from 0.5--1.5 kb as determined by gel electrophoresis. The genomic DNA fragments were immunoprecipitated with mouse monoclonal anti-HA antibodies (Covance, MMS-101P-1000; AB 291259) conjugated to magnetic beads (Dynabeads Pan Mouse IgG, Invitrogen by Life Technologies). IP and 1:100 diluted INPUT samples were analyzed by quantitative PCR with the SYBER GREEN system as described in real-time PCR quantification section. ChIP-qPCR calculations were conducted as described by Lin *et al*. \[[@pone.0185516.ref068]\]. The oligonucleotide sequences of the primers used in ChIP assay are available upon request.

Glucose transport measurement by 2-NBDG uptake assay {#sec011}
----------------------------------------------------

Cells were grown as indicated in section 2.1 in YPD containing 2% glucose. Cells were harvested, washed twice with SC minimal medium supplemented with amino acids without a carbon source, resuspended in the aforementioned medium and incubated for 10 min at 30°C with agitation.

High-affinity glucose transport was measured using 2-\[*N*-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino\]-2-deoxy-D-glucose (2-NBDG, Invitrogen) at a final concentration of 1 mM \[[@pone.0185516.ref069]\]. The uptake assay was performed over time. Samples were collected directly after 2-NDBG addition at time = 0, after 0.5 min, 2.5 min, 5 min, 10 min, 15 min and 20 min. At each time point cell suspensions exposed to 2-NBDG, were immediately transferred to fresh tubes containing 10% formalin, fixed, washed and suspended in 1x phosphate-buffered saline pH = 7.5. Fluorescence was determined using and automated analyzer for spectroscopic measurements Synergy H4 (BioTek) at excitation 490 nm and emission 516 nm. The mean fluorescence intensity (MFU) of intracellular 2-NBDG was calculated and normalized by subtracting the background autofluorescence signal measured for the cells suspensions without 2-NDBG. Four independent experiments were performed.

Enzymatic assays {#sec012}
----------------

### Invertase activity assay {#sec013}

Yeast cultures grown in YP medium supplemented with either 2% glucose or 2% sucrose medium, were harvested at A~600~ ≈ 1.0. Cell suspensions were prepared according to the protocol described by Silveira *et al*. \[[@pone.0185516.ref070]\]. Invertase activity was measured using the commercially available Invertase Activity Colometric detection Kit (BioVision Incorporated, Cat. K674-100). Measurements were performed according to the manufacturer's protocol with modifications. Cells were disrupted using glass beads (425--600 μm; Sigma Aldrich) at 8 bursts of 10 s each using a Mini-Beadbeater 24 (Biospec products). In between the bursts, samples were cooled on ice for 1 min. Protein concentrations were measured using Bradford Reagent (Sigma, B6916) \[[@pone.0185516.ref071]\]. Four independent biological replicates were assessed. The invertase activity is expressed as μmol of substrate converted per min per mg of extracted protein (μmol of glucose·min^-1^·mg^-1^ protein).

### Determination of glucose concentration in the medium {#sec014}

To measure glucose depletion in a yeast culture over time, aliquots were collected at regular intervals from cultures starting from *A*~*600*~ = 0.2 and grown until *A*~*600*~ = 1.4. The enzymatic reactions were prepared and rates measured in NADH-liked assays according to the manufacturer's protocol supplied with the Glucose (HK) Assay Kit (Sigma, GAHK-20). The change in NADH concentration over time in each reaction was monitored by measuring the absorbance at 340 nm using an automated analyzer for spectroscopic measurements Synergy H4 (BioTek). Three independent biological replicates were assessed. The glucose concentration is expressed as mg of glucose in 1 ml of culture medium.

Results {#sec015}
=======

The transcription of *HXT* genes encoding high-affinity transporters is affected in mutants with altered RNAP III transcription {#sec016}
-------------------------------------------------------------------------------------------------------------------------------

Maf1-deficient cells ([Table 1](#pone.0185516.t001){ref-type="table"}) seem to efficiently utilize glucose, but they are not able to grow on a non-fermentable carbon source at elevated temperatures. The defect in *maf1-Δ* growth is suppressed by the second-site suppressor *rpc128-1007* ([Table 1](#pone.0185516.t001){ref-type="table"}), which carries a point mutation in the C-terminal portion of the second largest RNAP III yeast subunit, C128 \[[@pone.0185516.ref049]\]. The *rpc128-1007* strain was found to efficiently utilize glycerol as a carbon source, but it poorly grows on 2% rich glucose medium (at high glucose concentration) \[[@pone.0185516.ref049]\].

We initiated our study to investigate the regulation of high affinity glucose transporters expression in these strains, showing different RNAP III activities, guided by previous transcriptomics data, which suggested that the expression profiles of *HXT6*, *HXT7*, and *HXT2* genes are altered in the *maf1*-*Δ* mutant grown in medium containing glycerol \[[@pone.0185516.ref055]\].

*maf1-Δ* was grown on glucose or glycerol-supplemented medium at 30°C and shifted to 37°C for 2 h, thus under growth conditions in which the mutant exhibits impaired gluconeogenesis \[[@pone.0185516.ref049]\], \[[@pone.0185516.ref055]\]. Initially, we aimed to investigate the expression of the *HXT6* and *HXT7* genes separately, however due to nearly identical ORF sequences (99.7% identity) \[[@pone.0185516.ref072]\] this attempt was withdrawn. Therefore, we present a summary of the results for the transcription of the both genes. Real-time PCR was performed on cDNA using two internal controls, *SCR1* and *U2*.

As shown in [Fig 2](#pone.0185516.g002){ref-type="fig"}, the *HXT6/7* transcript levels in *maf1-Δ*, grown on either glucose or glycerol-supplemented medium, were lower than those obtained for the parental strain (0.40-fold lower and 0.55-fold lower, respectively) ([Fig 2A](#pone.0185516.g002){ref-type="fig"}). In contrast, we observed an increase in *HXT6/7* levels in *rpc128-1007* under the same conditions by 4.22-fold on glycerol and 4.11-fold on glucose-rich medium. Thus, the transcription of *HXT6/7* seems to be anti-correlated with RNAP III activity.

![mRNA levels of *HXT6*/7 and *HXT2* in strains with different RNAP III.\
*HXT6*/7 in *maf1-Δ* and *rpc128-1007* (A), *HXT2* in *maf1-Δ* (B), *rpc128-1007* (C) and *rsp5-Δ* \[SPT23 ^1--686^:URA3\] (D) yeast strains. Strains were cultured in rich medium (YP) supplemented with either 2% glucose or 2% glycerol. Additionally, *maf1-Δ* cells grown on glycerol were shifted to 37°C for 2 h. RNA was isolated when the culture reached A~600~ ≈ 1 and reversed-transcribed to cDNA. Isolated RNAs were examined by SYBR GREEN-based real-time PCR. The samples were normalized to two reference genes: *U2* spliceosomal RNA (*U2*) and small cytosolic RNA (*SCR1*). The bars represent ratios between the levels of respective mRNAs in the mutants and the control isogenic wild-type strain. The expression level in the WT strain (MB159-4D) was set as 1.0. The means ± standard deviations of the relative expression levels are shown. Asterisks (\*) indicate p-values ≤ 0.05 determined by one-way ANOVA. Double asterisk (\*\*) indicate p-values ≤ 0.15.](pone.0185516.g002){#pone.0185516.g002}

This observation prompted us to examine the transcription of *HXT2*, another gene that is transcriptionally regulated *via* glucose repression mechanism \[[@pone.0185516.ref073]\], \[[@pone.0185516.ref008]\], \[[@pone.0185516.ref074]\].

In this case, real-time-PCR revealed that *HXT2* transcript levels were elevated by 6.61-fold when *maf1-Δ* was grown on glycerol. Unexpectedly, the *HXT2* gene's expression was elevated by 4.16-fold compared with the control strain when grown in the presence of 2% glucose ([Fig 2B](#pone.0185516.g002){ref-type="fig"}).

Next, we verified how *rpc128-1007*, which causes a decrease in RNAP III activity, affects the level of *HXT2* under high-glucose conditions and on a non-fermentable carbon source. In the *rpc128-1007* mutant, the *HXT2* transcript levels were 23-fold higher in the presence of 2% glucose and even more elevated, by 340-fold, when glycerol was the only available carbon source in the medium ([Fig 2C](#pone.0185516.g002){ref-type="fig"}). These results suggest that the defect in RNAP III transcription caused by the genetic mutation in C128 RNAP III subunit fully de-represses *HXT2* regardless of the carbon source. We excluded the possibility that glucose was exhausted during yeast cultivation by measuring external glucose concentrations in the medium ([S1 Fig](#pone.0185516.s004){ref-type="supplementary-material"}). The mutated strain becomes insensitive to the external glucose availability, raising the question whether this effect is caused by the specific mutation in RNAP III or it is rather related to the growth features of the mutant. The growth rate of *rpc128-1007* is low, particularly in the presence of glucose. The relation of growth rate to induction of glucose repressed genes was suggested by Zaman and coworkers in 2009 \[[@pone.0185516.ref016]\].

To address this issue, we examined *HXT2* gene expression in another strain with a poor growth rate comparable to *rpc128-1007*, which was an *rsp5-Δ* mutant ([Table 1](#pone.0185516.t001){ref-type="table"}).

Rsp5 protein is an ubiquitin ligase that is engaged in cellular processes such as regulating the trafficking of nutrient permeases and transporters in response to environmental changes \[[@pone.0185516.ref075]\], \[[@pone.0185516.ref076]\], \[[@pone.0185516.ref077]\]. It is not related to RNAP III activity. Deletion of the *RSP5* gene affects the actin cytoskeleton organization and endocytosis of Hxt1 and Hxt3 transporters \[[@pone.0185516.ref078]\]. Rsp5 is also implicated in the activation of the plasma membrane H^+^-ATPase Pma1 by glucose \[[@pone.0185516.ref079]\], but the mechanism underlying this regulation is not known. The growth rate of the *rsp5-Δ* \[SPT23^1-686^:URA3\] strain, used in this study is comparable to *rpc128-1007* ([S2 Fig](#pone.0185516.s005){ref-type="supplementary-material"}). Overexpression of a truncated clone of Spt23 allows *rsp5-Δ* to growth without oleic acid supplementation, because the deletion of *RSP5* affects fatty acids biosynthesis by reducing *OLE*1 expression.

We observed an increase in *HXT2* mRNA levels in *rsp5-Δ* but the fold change in expression was several times lower than that measured in *rpc128-1007* both on glucose and glycerol ([Fig 2D](#pone.0185516.g002){ref-type="fig"}). Altogether, we concluded that high *HXT2* transcript levels result from downregulation of RNAP III activity, rather than by a general growth defect.

This observation primarily suggested that changes in RNAP III activity lead to aberrant glucose sensing or signaling, and thus we focused on elucidating the cause of the phenomenon using the *rpc128-1007* mutant and the *HXT2* gene as a model. We verified repressor/activators proteins levels in the mutant cells, their occupancy on *HXT2* gene and examined posttranslational status of the regulatory player according to available literature data accumulated since 1990s.

Glucose uptake is sustained in strains with different RNAP III activities {#sec017}
-------------------------------------------------------------------------

Since the *HXT2* and *HXT6/7* genes are transcribed more efficiently in *rpc128-1007* and there is a clear difference in carbon source preference for the *maf1-Δ* mutant with high RNAP III activity, we further explored a link between the glucose transport efficiency and RNAP III transcription.

We performed a non-radioactive glucose uptake assay using fluorescent glucose analog 2-NBD to measure time-dependent glucose uptake in RNAP III mutants. We focused the analysis on high-affinity glucose transporters guided by the real-time PCR data for the expression profiles of the *HXT6*, *HXT7* and *HXT2* genes.

The ability of the strains to take up glucose was monitored after sudden relief from glucose limitation by addition of 2 mM 2-NBD glucose analog.

The wild-type strain showed the most efficient glucose uptake among the three tested strains. As shown in [Fig 3](#pone.0185516.g003){ref-type="fig"}, the second most efficient strain was the *rpc128-1007* strain, which has reduced RNAP III activity. The *maf1-Δ* mutant with the highest RNAP III activity was the least efficient for uptake in the presence of low external glucose concentrations, which involves inducing the expression of the high-affinity glucose transporter.

![Glucose flux is present in all tested strains.\
High-affinity glucose transport was measured in the WT (MB159-4D), *rpc128-1007* and *maf1*-Δ strains. The assay was performed using fluorescently labeled glucose 2-NDBG. The cells were grown to exponential phase of *A*~*600*~ ≈ 1.0 in 2% glucose-rich medium (YPD), transferred to SC medium supplemented with amino acids without a carbon source and incubated for 10 min at 30°C. The uptake of 2-NDBG (1 mM concentration) was performed over time. As a control, cell suspensions without fluorescently labeled glucose were assessed. The results are expressed as the mean fluorescence intensity (MFU) of four independent biological replicates with standard deviations.](pone.0185516.g003){#pone.0185516.g003}

Despite differences in glucose uptake by the tested strains, the influx of glucose into the cells seems to be sustained in all cases.

Mig1 binds to the *HXT2* promoter accordingly to the factual, high glucose availability, but does not repress the gene in cells with low RNAP III activity {#sec018}
----------------------------------------------------------------------------------------------------------------------------------------------------------

A bottom-up approach was undertaken to elucidate the cause of the glucose repression relief in the *rpc128-1007* mutant.

The *HXT2* promoter is a carbon source-dependent promoter and in yeast \[[@pone.0185516.ref080]\] contains four binding sites for Mig1 repressor, the transcription factor which activity is regulated in Snf1 kinase dependent phosphorylation reaction, coordinates the expression of the majority of glucose repressed genes \[[@pone.0185516.ref038]\], \[[@pone.0185516.ref003]\], \[[@pone.0185516.ref027]\], \[[@pone.0185516.ref039]\] ([Fig 4A](#pone.0185516.g004){ref-type="fig"}). Constitutive hyperactivation of Snf1 kinase in *reg1-Δ* mutant results in Mig1 constitutive phosphorylation that prevents the down-regulation of *HXT2* on high glucose \[[@pone.0185516.ref073]\]. To test the possibility, that Mig1 is not activated in the *rpc128-1007* mutant on glucose we aimed to establish the effect of the *rpc128-1007* mutation on Mig1 occupancy of the *HXT2* promoter by chromatin immunoprecipitation (ChIP). To quantify Mig1 occupancy on the DNA, we constructed a strain chromosomally expressing 3HA epitope-tagged Mig1 ([Table 1](#pone.0185516.t001){ref-type="table"}). Mig1 abundance estimated by Western blotting revealed, more Mig1 protein in cells grown on glycerol medium in comparison to favorable growth conditions. We noticed no differences in protein concentration when we compared Mig1-3HA expressed in *rpc128-1007* to its parental strain ([Fig 5A and 5B](#pone.0185516.g005){ref-type="fig"}). The molecular mass of Mig1 clearly suggested that the protein was in a non-phosphorylated state in the presence of 2% glucose (repression condition) in both strains. Moreover, in both strains, Mig1 efficiently underwent phosphorylation when switched to a non-fermentable carbon source ([Fig 5A](#pone.0185516.g005){ref-type="fig"}). These results suggest that the mechanism of Snf1 deactivation in the presence of glucose and activation in the presence of glycerol is the same in the *rpc128-1007* mutant strain and the isogenic wild-type control.

![Tup1 occupancy is significantly increased on the transcriptionally active *HXT2* promoter in *rpc128-1007*.\
(A) Schematic representation of the *HXT2* promoter region. The Rgt1 binding site is indicated by a circle. The Mig1 binding site is denoted by a square. The horizontal lines represent cDNA fragments amplified by real-time PCR in the ChIP assay (numbered in squares). Arrows facing each other correspond to primer pairs hybridization. Coordinates represent the position of the aforementioned elements in the region with respect to the translation start site. The black arrow above *HXT2* indicates the translation start site. The WT (MB159-4D) and *rpc128-1007* strain expressing HA-tagged Mig1 (B), HA-tagged Rgt1 (C) and HA-tagged Tup1 (D) were grown in 2% glucose or 2% glycerol-rich medium. Crosslinked chromatin was immunoprecipitated with antibodies against the HA epitope, followed by real-time PCR. The signals are presented as the percent of the INPUT signal from three separate experiments with standard deviations. Numbers from 1 to 6 correspond to real-time PCR amplification products in the *HXT2* promoter region on the A panel. (B) Mig1 shows the same degree of occupancy on the *HXT2* promoter in the wild-type strain and mutant strain with low RNAP III activity at high glucose conditions. (C) Rgt1 had a higher occupancy on the *HXT2* promoter in the *rpc128-1007* strain with low RNAP III activity. (D) Tup1 shows enhances association with the *HXT2* promoter in *rpc128-1007* despite the carbon source.](pone.0185516.g004){#pone.0185516.g004}

![Mig1 cellular concentration and phosphorylation pattern under different growth conditions.\
The WT strain (MB159-4D) and *rpc128-1007* mutant strain expressing HA-tagged Mig1 proteins were grown to A~600~ ≈ 1.0 in 2% glucose or 2% glycerol-rich medium. Total cell protein extracts were subjected to SDS-PAGE and examined by Western blotting using anti-HA antibodies (A) P-Mig1-HA: phosphorylated Mig1-HA. The quantified relative level of Mig1--HA (B) protein compared to yeast Vma2 protein was calculated for at least three independent experiments conducted in triplicates with standard deviations. The molecular weight (MW) of Mig1-HA was \~ 64.8 kDa the MW of Vma2 was \~ 57.7 kDa.](pone.0185516.g005){#pone.0185516.g005}

We presumed that Mig1 repressor would be bound to *HXT2* DNA on 2% glucose. To confirm this hypothesis, we performed an *in vivo* ChIP analysis of the strain grown under derepressing and repressing growth conditions in order to measure Mig1 occupancy on the DNA. Extracts of cells encoding Mig1-3HA were immunoprecipitated with anti-HA antibodies, and cDNA was subjected to analysis by real-time PCR analysis. The *HXT2* regulatory region was analyzed by the amplifications of three separated sequence fragments (marked 2, 4, 5) as indicated in the [Fig 4A](#pone.0185516.g004){ref-type="fig"}, which cover all the binding motifs recognized by Mig1. In all studied cases, we only observed differences in Mig1 occupancy on *HXT2* according to the carbon source. This effect occurred regardless of the presence of the *rpc128-1007* mutation. Consequently, we observed higher Mig1 occupancy at the *HXT2* gene on glucose compared with glycerol. As shown in [Fig 4B](#pone.0185516.g004){ref-type="fig"}, we found approximately 3-fold less Mig1 bound to the promoter under conditions of a non-fermentable carbon source, which is consistent with published data regarding Mig1 binding to promoters of glucose-repressed genes \[[@pone.0185516.ref081]\]. Taking together, observation of the phosphorylation status of Mig1 and its DNA binding activity in *rpc128-1007* compared with the control strain, indicated that glucose signal forwarded *via* Snf1 downstream to Mig1 could not account for the significant increase in *HXT2* expression observed on both carbon sources in cells carrying a mutated C128 RNAP III subunit. Although Mig1 bound to the *HXT2* gene under high-glucose conditions to the same extent as in the isogenic wild-type strain, this binding was not sufficient to block gene expression in the *rpc128-1007* mutant ([Fig 2C](#pone.0185516.g002){ref-type="fig"}).

Snf1 dependent glucose repression is not perturbed in cells with different RNAP III activity {#sec019}
--------------------------------------------------------------------------------------------

Since *rpc128-1007* grows poorly at high concentration of extracellular glucose (2%) we hypothesized that there was a lower glycolysis efficiency in the strain compared with the wild-type and *maf1-Δ* which in contrast displays growth inhibition on a non-fermentable carbon source but seems to metabolize glucose very efficiently when glucose is present at high concentrations \[[@pone.0185516.ref049]\], \[[@pone.0185516.ref082]\]. We verified energy status in the strains by measuring invertase activity.

Invertase activity (indispensable for sucrose utilization) is a well-established indicator of the status of glucose repression in yeast cells. It has been indicated that a regulatory mechanism that controls *SUC2* gene expression is similar to those described for the *HXT2* and *HXT4* genes \[[@pone.0185516.ref073]\]. High invertase activity correlates with reduced glucose transport capacity to the favor of increased transport of the alternative carbon source such as sucrose. New evidence provided by Gancedo *et al*. 2015 \[[@pone.0185516.ref083]\] suggests that both the Snf1-Mig1 and the Snf3/Rgt2-Rgt1 (SRR) signaling pathway are equally required to regulate the expression of the *SUC2* gene \[[@pone.0185516.ref084]\], \[[@pone.0185516.ref080]\]. A double mutant, *snf3-Δ rgt2-Δ* grows poorly on glucose and is defective in glucose repression of *SUC2* \[[@pone.0185516.ref085]\].

Given the results of *in vivo* ChIP assay using Mig1-3HA, it was tempting to investigate whether there is the glucose repression established properly in strains with different RNAP III activity under high glucose conditions.

The activity assay was performed under derepressing and repressing conditions with cell extracts from cultures grown on glucose and on sucrose as an alternative carbon source.

As shown in [Fig 6](#pone.0185516.g006){ref-type="fig"}, the activity of invertase decreases in all strains, excluding *reg1-Δ* in the presence of glucose ([Table 1](#pone.0185516.t001){ref-type="table"}). *reg1-Δ* was used herein as an internal positive control because, in *REG1*-deficient cells, *SUC2* is no longer regulated by glucose and is fully de-repressed due to the constitutively activated Snf1 kinase. Low invertase activity detected in *rpc128-1007* on high glucose is strong evidence that increased *HXT2* expression under the aforementioned conditions is not the result of a perturbation of the glucose repression mechanism *via* the Snf1 pathway.

![RNAP III changed activity does not affect glucose repression.\
The WT strain (MB159-4D) and the *rpc128-1007*, *reg1-Δ* and *maf1-Δ* mutant strains were grown under repressing (2% glucose) and activating (2% sucrose) conditions. The experiment was performed in cell-free extracts isolated from the aforementioned strains. Invertase activity is expressed in μmol of glucose·min^-1^·mg^-1^ protein. Data are expressed as the mean obtained from at least three independent experiments measured in triplicate. The ± standard deviations are shown.](pone.0185516.g006){#pone.0185516.g006}

Rgt1 occupancy on *HXT2* gene is higher in the compromised RNAP III cells on non-fermentable carbon source {#sec020}
----------------------------------------------------------------------------------------------------------

Since Snf1-Mig1 signaling appears to regulate a wide spectrum of genes, the Rgt1 network regulates a narrow group of genes consisting mostly of hexose transporter genes \[[@pone.0185516.ref039]\]. Three binding sites have been reported for the Rgt1 transcriptional repressors identified on the *HXT2* promoter \[[@pone.0185516.ref027]\], \[[@pone.0185516.ref020]\], \[[@pone.0185516.ref086]\] ([Fig 5](#pone.0185516.g005){ref-type="fig"}). Rgt1 is the transcriptional factor that receives information regarding the external glucose concentration *via* Snf3/Rgt2-Rgt1 (SRR) signaling pathway and the cAMP-PKA pathway to regulate *HXT* expression. Therefore, we examined the interaction of Rgt1 with the *HXT2* promoter by ChIP assay *in vivo*, and the phosphorylation status and abundance were determined using a set of strains expressing the Rgt1-3HA protein fusion ([Table 1](#pone.0185516.t001){ref-type="table"}).

Both in wild-type and *rpc128-1007* cells, the levels of Rgt1 protein were lower in the presence of a non-fermentable carbon source when compared with favorable growth conditions on glucose ([Fig 7A and 7B](#pone.0185516.g007){ref-type="fig"}). We did not observe any significant changes in the level of Rgt1 protein that were dependent on a strain used. However, anti-HA antibodies more efficiently precipitated chromatin fragments with Rgt1-3HA from cells carrying the *rpc128-1007* mutation ([Fig 4C](#pone.0185516.g004){ref-type="fig"}). The regulatory region of *HXT2*, which we divided into two fragments: one containing a single Rgt1 binding motif (downstream of UAS) and the other having two motifs in the UAS region, demonstrating a significantly increased occupancy by the transcription factor on DNA when compared with the reference strain. The degree of occupancy was proportional to the number of motifs available for Rgt1-specific binding in each fragment tested within the promoter region ([Fig 4A](#pone.0185516.g004){ref-type="fig"}).

![Cellular concentration and phosphorylation pattern of Rgt1 under repressing and activating growth conditions.\
The WT (MB159-4D) and *rpc128-100*7 strain expressing HA-tagged Rgt1 were grown to A~600~ ≈1.0 in 2% glucose or 2% glycerol-rich medium. Total cell protein extracts were subjected to SDS-PAGE and hybridized to anti-HA antibodies (A). The quantified relative level of Rgt1-HA (B) protein compared to Vma2 protein was quantified for three independent experiments in triplicate with standard deviations. The molecular weight (MW) of Rgt1-HA was \~144.7 kDa, and the MW of Vma2 was \~57.7 kDa.](pone.0185516.g007){#pone.0185516.g007}

The high occupancy of Rgt1 on the *HXT2* gene in the strain with elevated *HXT2* expression raises the possibility that Rgt1 may no longer acts as a repressor but rather as an activator of *HXT2* expression in cells with malfunctioning RNAP III. Of note, Rgt1 removal from DNA is not necessary for glucose induction of *HXT1* gene expression, which contains 8 Rgt1 binding motifs \[[@pone.0185516.ref040]\]. Moreover, Rgt1 is converted from a transcriptional repressor to an activator upon glucose-mediated phosphorylation \[[@pone.0185516.ref019]\]. Our data suggest that neither the removal of Rgt1 from DNA nor its phosphorylation status is a pre-requirement for *HXT2* accumulation in *rpc128-1007*. The conversion of Rgt1 into a functional activator may not occur in a phosphorylation-dependent manner in *rpc128-1007* cells grown on a non-fermentable carbon source.

Tup1 contributes to the activation of *HXT2* transcriptional expression {#sec021}
-----------------------------------------------------------------------

The Ssn6-Tup1 protein complex is required for the repression of genes that are activated in response to alterations in growth conditions and cellular stresses, functioning as a mediator of glucose repression \[[@pone.0185516.ref087]\], \[[@pone.0185516.ref032]\]. It has been suggested that glucose regulates Rgt1 function by modulating Rgt1 interaction with Ssn6-Tup1, which is commonly referred as a corepressor complex \[[@pone.0185516.ref040]\] or as a repressor-activator complex \[[@pone.0185516.ref044]\]. Since in native yeast cells Rgt1 inhibits the transcription of the glucose transporter (*HXT*) genes in the absence of glucose, we wanted to further address why *HXT2* mRNA levels were elevated in *rpc128-1007* cells grown in glycerol medium by investigating the association of Tup1 with *HXT2* chromatin.

Using the same approach as previously, we created Tup1-3HA producing strains ([Table 1](#pone.0185516.t001){ref-type="table"}), because Tup1 is a predominant component of the Ssn6-Tup1 complex. Tup1 associates with a variety of DNA-binding repressor proteins, among which Mig1 and Rgt1 directly recruit Tup1 to diverse sets of genes under various stress conditions and particular subsets of genes regulated by glucose \[[@pone.0185516.ref031]\], \[[@pone.0185516.ref032]\].

The abundance of Tup1 determined in *rpc128-1007* is presented in [Fig 8(A) and 8(B)](#pone.0185516.g008){ref-type="fig"}. The result shows lower levels of Tup1 in r*pc128-1007* protein extracts under high-glucose conditions and no significant changes in Tup1 abundance in the absence of glucose. This may suggest that at least under high glucose conditions, even if Rgt1 is bound to the *HXT2* gene, the repressor complex may not be established due to the lower Tup1 occupancy.

![A low cellular concentration of Tup1 in the *rpc128-1007* mutant with low RNAP III activity.\
The WT (MB159-4D) and *rpc128-1007* strains expressing HA-tagged Tup1 proteins were grown to *A*~*600*~ ≈ 1.0 on 2% glucose or 2% glycerol-rich medium. Total cell protein extracts were subjected to SDS-PAGE and hybridized to anti-HA antibodies (A). The relative level of Tup1 (B) protein in comparison to Vma2 protein was quantified for three independent experiments conducted in triplicates with standard deviations. The molecular weight (MW) of Tup1 was \~89.88 kDa, and the Vma2 MW was \~57.7 kDa.](pone.0185516.g008){#pone.0185516.g008}

In contrast to primary speculations, Tup1 was detected on the chromatin from the position -1 to -843, which encompasses the whole regulatory region of the *HXT2* promoter ([Fig 4A](#pone.0185516.g004){ref-type="fig"}). The association of Tup1 with the *HXT2* promoter was significantly higher in *rpc128-1007* than in the reference strain, particularly in cells grown in medium with glycerol ([Fig 4D](#pone.0185516.g004){ref-type="fig"}). It was especially enriched at the position shown herein to be bound by Mig1 and Rgt1, the known Tup1 recruiters. We postulate that, Rgt1/Ssn6-Tup1 corepressor complex may switch into an activator mode and thus accounts for the overexpression of *HXT2* in the strain with low RNAP III activity.

Cells with defected RNAP III have an accurate perception of external glucose availability *via* Snf3/Rgt2-Rgt1 (SRR) {#sec022}
--------------------------------------------------------------------------------------------------------------------

Mth1 blocks the protein kinase A---dependent phosphorylation of Rgt1 that impairs the ability of Rgt1 to interact with the Ssn6-Tup1 complex \[[@pone.0185516.ref030]\]. This phenomenon raises the possibility that Mth1 in *rpc128-1007* is not able to establish a stable repressor complex on the regulatory regions of the *HXT* genes.

Our observation of high Rgt1 occupancy on the *HXT2* promoter and elevated *HXT2* mRNAs, regardless of the carbon source, prompted us to investigate the effect of *rpc128-1007* on the cellular concentration of Mth1. Therefore, we constructed strains with chromosomally encoded HA epitope-tagged Mth1 ([Table 1](#pone.0185516.t001){ref-type="table"}) and measured the level of Mth1-3HA in cells grown in the absence of glucose or in 2% glucose medium.

We found that glucose-dependent degradation of Mth1 was not impaired in the *rpc128-1007* strain. Mth1 degradation occurred in both strains, *rpc128-1007* and the control strain in the presence of high glucose concentrations ([Fig 9A](#pone.0185516.g009){ref-type="fig"}). Additionally, the observation of Mth1 being undetectable correlates with the decreased Rgt1 occupancy on the promoter region in the mutant and the reference strain. Cultivation of the strains on glycerol-rich medium led to an accumulation of Mth1 ([Fig 9A and 9B](#pone.0185516.g009){ref-type="fig"}). In *rpc128-1007*, we observed 3-fold higher Mth1 concentration, which may also explain the higher occupancy of Rgt1 on the *HXT2* promoter in *rpc128-1007* quantified in ChIP-qPCR assay.

![Increased stability of Mth1 in the *rpc128-1007* strain under non-fermentative growth conditions.\
The wild-type (MB159-4D) and *rpc128-1007* mutant strain expressing HA-tagged Mth1 were grown to A~600~ ≈ 1.0 in 2% glucose or 2% glycerol-rich medium. Proteins were extracted and immunoprecipitated with magnetic beads conjugated to mouse anti-HA antibodies. Mth1-HA was visualized with rabbit anti-HA tag antibodies. The relative level of Mth1 (B) protein in comparison to yeast Vma2 protein from four independent biological replicates. The molecular weight (MW) of Mth1 with the HA tag was \~56.28 kDa, and the MW Vma2 was \~57.7 kDa.](pone.0185516.g009){#pone.0185516.g009}

In summary, we observed an increase in the stability of Mth1 in *rpc128-1007* on glycerol, which clearly promotes increased occupancy of Rgt1 on the *HXT2* promoter ([Fig 4C](#pone.0185516.g004){ref-type="fig"}).

Based on our understanding, the expression of *HXT2* is independent of Mth1 negative regulation of the Snf3/Rgt2-Rgt1 (SRR) glucose-sensing signal transduction pathway in the *rpc128-1007* background.

Discussion {#sec023}
==========

A high concentration of external glucose has been reported by several authors to reduce *HXT6/7* and *HXT2* transcription as a consequence of catabolite repression \[[@pone.0185516.ref073]\], \[[@pone.0185516.ref088]\], \[[@pone.0185516.ref003]\].

In this study, we observed that the *HXT6/7* transcript levels in RNAP III compromised strains, *rpc128-1007* and *maf1-Δ*, grown on glucose or glycerol-supplemented medium were negatively correlated and in generally different from the levels observed in wild-type yeast ([Fig 2A](#pone.0185516.g002){ref-type="fig"}). The *maf1-Δ*, in which transcription of the gluconeogenesis genes, *FBP1* and *PCK1*, is down regulated on glycerol, has reduced *HXT6/7* transcript levels, whereas *rpc128-1007*, which grows poorly in the presence of a high concentration of extracellular glucose (2%), reverses the defect and even exhibits enhanced *HXT6/7* transcription.

Regarding *HXT2*, the scenario was more complicated, because *HXT2* mRNA levels increased slightly in *maf1-Δ* on glucose and glycerol, whereas it was constitutive in *rpc128-1007* (fully derepressed) regardless of the fermentability of the carbon source ([Fig 2B and 2C](#pone.0185516.g002){ref-type="fig"}). Together, our primary data suggested that the mutant strains lost an environmental sensitivity for glucose. We presumed that glucose signaling may be perturbed in the *maf1-Δ* and in *rpc128-1007* mutants, but in this report, we excluded the possibility for *rpc128-1007* mutant providing a few lines of evidence.

In this study, we examined glucose signaling pathways in a RNAP III mutant, in which we observed not only the full induction of *HXT2* gene expression at high glucose concentrations but also after a shift to glycerol as the carbon source ([Fig 2C](#pone.0185516.g002){ref-type="fig"}).

This finding is particularly interesting because one of the most striking features of *rpc128-1007* is the severe growth defect on media containing high concentrations of glucose.

The transcription of some nutrient-regulated genes has been suggested to be affected by the cell growth rate. The transcription of such genes is the so called 'growth rate signature' or 'poor growth'-specific gene transcriptional pattern \[[@pone.0185516.ref089]\], \[[@pone.0185516.ref016]\]. Zaman and Slattery \[[@pone.0185516.ref016]\], \[[@pone.0185516.ref090]\] independently proposed that the expression of genes that are directly dependent on the growth rate is determined by single-cell organism perception of the nutritional status of its surroundings. This perception usually corresponds to the actual nutrients availability. However, genetic manipulation may result in a discrepancy between what is perceived by the cell and the environmental availability of nutrients such as carbon sources \[for details see \[[@pone.0185516.ref016]\]\].

In this case study, we claim that the high, steady-state, mRNA levels of *HXT2* regardless of carbon source and its concentration in cells carrying a point mutation in RNAP III catalytic subunit C128 does not result simply from a poor growth rate ([Fig 2C and 2D](#pone.0185516.g002){ref-type="fig"} and [S2 Fig](#pone.0185516.s005){ref-type="supplementary-material"}), misperceived nutritional status of cell surrounding (Figs [4B](#pone.0185516.g004){ref-type="fig"}, [5](#pone.0185516.g005){ref-type="fig"}, [6](#pone.0185516.g006){ref-type="fig"} and [9](#pone.0185516.g009){ref-type="fig"}), as a consequence of Snf3/Rgt2-Rgt1 (SRR) or Snf1-Mig1 glucose signaling impairment (Figs [4B and 4C](#pone.0185516.g004){ref-type="fig"}, [5](#pone.0185516.g005){ref-type="fig"}, [6](#pone.0185516.g006){ref-type="fig"} and [9](#pone.0185516.g009){ref-type="fig"}) but result from other unknown yet but specific intracellular factor. This factor whose levels might change from optimal in wild type cells to unbalanced in cells exhibiting low RNAP III activity causes the Rgt1/Ssn6-Tup1 corepressor complex to switch into an activator mode on chromatin.

The growth rate is known to influence the cell cycle duration and expression of multiple genes, such ribosome biogenesis genes \[[@pone.0185516.ref089]\]. We provide evidence that the reason for "growth rate signature" can be narrowed down and described more specifically than originally though.

We included *rsp5-Δ* \[SPT23^1-686^:URA3\] mutant into this study and measured *HXT2* transcript levels in the strain by real-time-PCR. Rsp5 has been shown to be implicated in the activation of the plasma membrane H^+^-ATPase Pma1 by glucose \[[@pone.0185516.ref079]\]. Pma1 associates with Std1, which facilitates the repression of *HXT3* transcription and can aids in the establishment of Rgt2/Snf3-Rgt1 signaling pathway \[[@pone.0185516.ref026]\].

The *rsp5-Δ* \[SPT23^1-686^:URA3\] mutant, despite its growth rate reduction similar to *rpc128-1007*, did not display elevated *HXT2* transcript levels by several hundred fold as observed for *rpc128-1007* mutant cells. Thus, the failure in change of plasma membrane potential does not contribute to an accumulation of *HXT2* mRNA in *S*. *cerevisiae*. Thus, this is a specific feature of the strain with decreased RNAP III activity, and we were interested in elucidating this phenomenon in the context of functional or dysfunctional cell perception mechanisms.

As a consequence, we examined two major signaling pathways, the Snf1-Mig1 repression pathway and the Snf3/Rgt2-Rgt1 (SRR) induction pathway. The Snf3/Rgt2-Rgt1 (SRR) glucose signal transduction pathway is primarily dedicated to regulating the expression of *HXT* genes \[[@pone.0185516.ref020]\].

Since compromised RNAP III activity leads to decreased availability of tRNAs for protein synthesis, we wanted to explore whether the synthesis of repressor/activator proteins of affected gene would also be affected. No critical difference in regulatory proteins abundance was observed with an exemption of Mth1 which concentration apparently increased by 3 fold in *rpc128-1007* cells compared to the wild type isogenic strain ([Fig 9](#pone.0185516.g009){ref-type="fig"}).

We examined the pathway components, measured the concentrations of cellular proteins and their phosphorylation status and determined the occupancy of DNA regulatory regions to elucidate the cause of aberrant *HXT2* expression regulation in the *rpc128-1007* mutant.

We analyzed the whole, upstream regulatory region of *HXT2* using the *in vivo* chromatin immunoprecipitation assay with endogenous chromosomally encoded Rgt1-3HA, Mig1-3HA and Tup1-3HA, to define the association of major transcriptional regulators with *HXT2* chromatin.

We did not observe any difference in the Mig1 binding pattern to chromatin between the tested strains and in terms of glucose-dependent dephosphorylation of Mig1 repressor. In both strains, Mig1 occupancy of the *HXT2* promoter was equally abundant on high glucose and equally diminished on glycerol, which corresponded to its modification by phosphorylation ([Fig 4A and 4B](#pone.0185516.g004){ref-type="fig"}). We claim, that the slower migrating bands correspond to the phosphorylated form of Mig1 according to the online database BioGRID. Other PTM modifications have not been reported for Mig1 to date. Serine S222, S278, S311 and S381 in Mig1 amino acids chain are the PTM sites recognized by Snf1 \[[@pone.0185516.ref038]\], \[[@pone.0185516.ref091]\], \[[@pone.0185516.ref092]\], \[[@pone.0185516.ref093]\] and a single S264 site is targeted by cyclin-dependent kinase CDC28 associated with CLB2 cyclin, which among others regulates cell cycle and basal transcription in yeast \[[@pone.0185516.ref094]\]. The [Fig 5A](#pone.0185516.g005){ref-type="fig"} clearly shows an effect of multiple modification on Mig1 in cells grown on glycerol. Snf1 seems to acts as the predominant modifier for Mig1 however we do not exclude the involvement of CDC28 kinase in Mig1 modification process and in changes of cell cycle dependent signaling in *rpc128-1007*.

The phosphorylation pattern of Mig1 corresponded to the level of external glucose availability in both the *rpc128-1007* mutant and the wild-type control ([Fig 5](#pone.0185516.g005){ref-type="fig"}). On average, there was more Mig1 protein in cells grown on glycerol medium compared to favorable growth conditions, as observed for wild-type strains by other authors \[[@pone.0185516.ref095]\], \[[@pone.0185516.ref096]\].

Thus, we concluded that Snf1-Mig1 pathway signaling does not contribute to the change in *HXT2* expression in the *rpc128-1007* background when the cells are grown on 2% glucose. However, the cell perception *via* the active Snf1-Mig1 pathway was additionally confirmed.

We sought to determine the invertase activity (*SUC2* gene is regulated at the transcriptional level by Snf1 activity) in *rpc128-1007*. Enzymatic reactions carried out with freshly prepared extracts demonstrated no glucose repression relief in the *rpc128-1007* mutant (neither in *maf1-Δ*, whereas high invertase activity was confirmed for the *reg1-Δ* strain, which, has been reported to possess high transcriptional activity of *SUC2* in the presence of high glucose concentrations ([Fig 6](#pone.0185516.g006){ref-type="fig"}).

The above observations let us to conclude, that glucose repression signaling *via* the Snf1-Mig1 pathway does not play a role in increasing *HXT2* transcript levels in the *rpc128-1007* background. Thus, the increase in *HXT2* transcription is not simply due to the release of glucose repression but another mechanism accounts for glucose induction of *HXT2* in *rpc128-1007* cells.

Under glucose-deficient conditions, Rgt1 is typically recruited to the regulatory region of *HXT* genes. Rgt1 bound to DNA interacts with the Ssn6-Tup1 complex. In general, Tup1 is also recruited to many glucose-repressed genes by Rgt1, Mig1 and many other recruiting proteins \[[@pone.0185516.ref097]\], \[[@pone.0185516.ref098]\]. When glucose is scarce, Mth1 is responsible for maintaining *HXT2* repression by sustaining the interaction between Rgt1 and the Ssn6-Tup1 complex. Degradation of Mth1 is thought to inactivate the repressor function of Rgt1 and allow for its phosphorylation by PKA kinase downstream of Snf3 in the presence of glucose \[[@pone.0185516.ref021]\], \[[@pone.0185516.ref022]\]. Mth1, *via* an alteration of its own abundance, mirrors the extracellular glucose concentration. However, this model of gene induction lacks clarity, due to the fact that expression among the *HXT* gene family varies according to the wide range of glucose concentration.

Several reports have shown that the deletion of *MTH1* affects *HXT2* gene expression, which is induced as much as 400-fold by this mutation \[[@pone.0185516.ref024]\], \[[@pone.0185516.ref099]\]. Since we observed strong change (340-fold [Fig 2C](#pone.0185516.g002){ref-type="fig"}) in *HXT2* steady state mRNA levels in *rpc128-1007*, we examined the abundance of Mth1 in the mutant cells producing chromosomally encoded, a HA-tagged derivative of *MTH1* as the only functional copy of Mth1.

Mth1 was highly abundant in *rpc128-1007* and the reference strain during exposure to glycerol. On the other hand, our analysis revealed ([Fig 9](#pone.0185516.g009){ref-type="fig"}) that Mth1 protein was not detectable either in the reference strain nor in *rpc128-1007* on 2% glucose medium. This result is in the agreement with data provided by several literature sources showing that external glucose initiates Mth1 degradation *via* functional glucose signaling Snf3/Rgt2 --Rgt1 (SRR) pathway however it does not provide explanation to the observation of elevated *HXT2* mRNA transcripts in RNAP III compromised strain, both on 2% glucose and on glycerol.

In conclusion, our results indicate that Rgt1 in a complex with Tup1 is a predominant positive regulator of *HXT2* expression in the *rpc128-1007* mutant on non-fermentable carbon.

As indicated in [Fig 4C](#pone.0185516.g004){ref-type="fig"} in the *rpc128-1007* mutant there was observed an increased association of Rgt1 with chromatin in comparison to the isogenic reference strain grown in medium containing glycerol. The higher degree of Rgt1 occupancy on the *HXT2* gene in *rpc128-1007* was correlated with the greater quantified abundance of Mth1 (by 3-fold) ([Fig 9](#pone.0185516.g009){ref-type="fig"}). On the other hand, on glucose, the absence of Mth1 protein measured by anti-HA antibodies in both strains was correlated with an equally reduced abundance of Rgt1 on chromatin when high concentration of glucose was available. Nevertheless, Tup1 occupancy was significantly higher on the *HXT2* gene in *rpc128-1007* then in the reference strain regardless of the carbon source ([Fig 4D](#pone.0185516.g004){ref-type="fig"}).

mRNA metabolism is a very dynamic process. Steady state mRNA levels, are a mixture of effects on *de novo* synthesis and decay \[[@pone.0185516.ref100]\]. Knowing that the dynamic relationship between the activator/repressor proteins recruitment to the *HXT2* promoter has important implication for the mechanism of transcriptional activation and repression under different physiological conditions we aimed at investigating *de novo* synthesis of *HXT2*. The combination of chromatin immunoprecipitation (ChIP) and real-time PCR expression profiling methods, which we used, are widely used methods to determine the role of regulatory proteins and cooresponding gene expression profiles (also on large-scale genome-wide formats ChIP-ChIP and microarrays profiling) \[[@pone.0185516.ref067]\], \[[@pone.0185516.ref101]\]. We do not rule out the possibility that *HXT2* mRNA half-life might be extended in *rpc128-1007* mutant. However it seem to be contradictory, that repression of the *HXT2* transcription by significant enrichment of Tup1 corepressor on chromatin regardless carbon source availability, would be followed by mRNA stabilization.

Our results suggest a model, in which Rgt1 with Ssn6-Tup1 function as a transcriptional coactivator complex rather than a repressor complex, leading to the induction of *HXT2* in *rpc128-1007* (Figs [2C](#pone.0185516.g002){ref-type="fig"} and [4D](#pone.0185516.g004){ref-type="fig"}). In support of our conclusion, Rgt1 was previously found to be required to fully induce *HXT1* gene \[[@pone.0185516.ref102]\] and allows full expression of invertase in the absence of glucose \[[@pone.0185516.ref083]\]. In our study, the invertase activity was not elevated together with *HXT2*, raising speculation, that the regulatory mechanism superposed on *HXT2* in *rpc128-1007* is not a general mechanism governing the expression of the glucose-repressed genes.

We suspect, that no transcriptional factors other than Mig1 and Rgt1, recruit Tup1 to chromatin in *rpc128-1007*, because the highest occupancy of Tup1 was quantified by real-time PCR on cDNA fragments of amplified, marked 4 and 5 encompassing multiple binding sites of Mig1 and Rgt1 ([Fig 4D](#pone.0185516.g004){ref-type="fig"}). The binding motif for Nrg1, the global transcriptional repressor, is placed within the fragments 6 (position -843--683) and the upstream region ([Fig 4A](#pone.0185516.g004){ref-type="fig"}) in which not enrichment of Tup1 occupancy on the *HXT2* promoter is observed \[[@pone.0185516.ref103]\].

In this work, we further confirmed that Rgt1 phosphorylation influences the release of Rgt1 from the *HXT2* promoter in the presence of glucose (Figs [4C](#pone.0185516.g004){ref-type="fig"} and [7A and 7B](#pone.0185516.g007){ref-type="fig"}). The dissociation of Rgt1 has been noted by other authors as a general mechanism regulating *HXT1*, *HXT3* \[[@pone.0185516.ref009]\] and *HXK2* \[[@pone.0185516.ref104]\] genes induction \[[@pone.0185516.ref029]\], \[[@pone.0185516.ref030]\]. According to our observation dissociation of Rgt1 due to PTM modifications ([Fig 7](#pone.0185516.g007){ref-type="fig"}) is similar in *rpc128-1007* background and the control strain. This is unlikely to be the mechanism that contributes to the elevated steady-state *HXT2* transcripts in cells with low RNAP III activity. (Figs [2C](#pone.0185516.g002){ref-type="fig"} and [4C](#pone.0185516.g004){ref-type="fig"}). Thus, we propose that there must be an additional regulatory mechanism that modulates *HXT2* mRNA level in *rpc128-1007*. The enrichment of Tup1 protein abundance on *HXT2* regulatory region in *rpc128-1007* when compared to the isogenic wild-type strain both in the presence of glucose and glycerol suggest the involvement of the Ssn6-Tup1 complex in the process ([Fig 4D](#pone.0185516.g004){ref-type="fig"} and [S3 Fig](#pone.0185516.s006){ref-type="supplementary-material"}).

As noted by *Gancedo et al 2015* \[[@pone.0185516.ref083]\] in particular, the repression circuit that operates in the presence of high glucose levels does not require Rgt1 or Mth1, but involves Mig1, Hxk2, Ssn6 and Tup1 \[[@pone.0185516.ref105]\], \[[@pone.0185516.ref003]\]. We excluded that Mig1 plays a role in *HXT2* overexpression in the *rpc128-1007* background in the presence of high glucose levels. We did not tested *HXK2*, a component of the glucose repression signaling circuit, under the assumption that by estimating invertase activity we provide evidence that the Snf1-Mig1 pathway is not perturbed in the strain with low RNAP III activity.

However, the general transcriptional regulator Tup1 is a very good candidate as a potential regulator of *HXT2* based on our present data.

Tup1 chromatin-silencing transcriptional regulator in complex with Ssn6 regulates many genes in response to glucose, DNA damage, mating type and oxygen availability \[[@pone.0185516.ref032]\], \[[@pone.0185516.ref106]\]. It is recruited to gene promoters by a number of sequence-specific DNA binding and signaling pathway-specific repressor proteins \[[@pone.0185516.ref107]\], \[[@pone.0185516.ref108]\], \[[@pone.0185516.ref109]\], \[[@pone.0185516.ref110]\]. Tup1 interacts with histones H3 and H4 through repression domains present in its N-terminal of coiled-coil reach region \[[@pone.0185516.ref111]\]. Tup1 has been reported to function as both a corepressor and coactivator involved in the induction of gene expression. It is a transcriptional coactivator for Stp1/2-dependent transcription of amino acids transporter genes \[[@pone.0185516.ref112]\], *ARG1* and *ARG4* by enhancing the binding of Gcn4 to the UAS activation sequence \[[@pone.0185516.ref043]\]. It is responsible for the induction of osmotic-inducible promoters by switching from a repressing to an activating state that is regulated by the Hog1 MAP kinase pathway \[[@pone.0185516.ref046]\]. *GRE2* is another Tup1-represed gene whose transcription is activated by Ssn6-Tup1 and SAGA recruitment \[[@pone.0185516.ref046]\].

Several reports provide evidence that Tup1 remains associated with the promoters of target genes after activation. Whole-genome studies demonstrate that Tup1 binds to many glucose-repressed genes, even after the alleviation of glucose repression \[[@pone.0185516.ref046]\], \[[@pone.0185516.ref043]\], \[[@pone.0185516.ref113]\]. This is also a highly conserved protein in yeast, invertebrates and vertebrates. Human Tup1 homolog Groucho protein plays important role in neuronal development and is linked to several neuronal pathologies and Drosophila TLE protein is implicated in metabolic syndromes due pancreatic beta cell development \[[@pone.0185516.ref114]\], \[[@pone.0185516.ref115]\]. Thus, a better understanding of how the function of Tup1 is regulated in cells with perturbed RNAP III activity under different nutritional conditions will provide important new therapeutic opportunities.

We did not mutate the genes encoding Tup1 recruiter proteins, as shown by Hanon and coworkers \[[@pone.0185516.ref098]\] using a quantitative ChIP-ChIP analysis, for majority of Tup1 targets the elimination of a single recruit did not alter or eliminate Tup1 chromatin binding. This finding suggests that multiple, redundant DNA-binding proteins direct Tup1 to its target promoters. How the Ssn6-Tup1 complex receives signals from multiple signaling pathways, integrates those signals, and regulates gene expression accordingly is not known in details.

Our finding of a positive role for the Ssn6-Tup1 complex in *HXT2* transcription is a further evidence in support of the model in which specific metabolic signals may convert the Ssn6-Tup1 transcriptional corepressor to a coactivator of certain promoters and contribute to chromatin architecture and epigenetic status of genes regulation \[[@pone.0185516.ref116]\]. Tup1 interaction with PI(3,5)P2 lipid has been found as a triggering mechanism in *GAL1* gene induction \[[@pone.0185516.ref116]\], \[[@pone.0185516.ref117]\]. We have hypothesized that Tup1 associated with *HXT2* chromatin might be affected by PI(3,5)P2 lipid concentration, as Maf1, the regulator of RNAP III in a target of phosphoinositide 3-kinase (PI3K) signaling that negatively regulates oncogenesis and lipid metabolism in mice \[[@pone.0185516.ref118]\]. However examination of two mutant strains *fab1-Δ*,. that lacks the vacuolar membrane kinase generating PI(3,5)P2 and *vac14-Δ*, which synthesizes only modest amounts of the metabolite, demonstrates that *HXT2* steady state mRNA level, does not seem to be dependent on PI(3,5)P2 intracellular abundance ([S4 Fig](#pone.0185516.s007){ref-type="supplementary-material"}).

The alternative hypothesis for Tup1 specific mode switching would be its binding to differently posttranslationally modified transcriptional regulators and focusing signals from different signaling pathways, however we do not favor this possibility regarding Mig1 repressor.

Whole-organism scale analysis of metabolites and transcripts in yeast shows that intracellular changes in metabolite concentration are followed by changes the regulation of metabolic pathways through enzyme expression produced only *via* an orchestrated network of ribosome biogenesis and other components required for protein production. Thus, yeast modulate the level of protein synthesis accordingly to their metabolic requirements.

In theory, many intracellular factors such as the glucose flux, tRNA levels, other not yet tested Tup1 binding partners would contribute to the observed regulatory effects on *HXT2* expression in cells with low RNAP III activity.

The transport of glucose into the cell has been viewed as the rate-limiting step of *S*. *cerevisiae* glycolysis \[[@pone.0185516.ref072]\], \[[@pone.0185516.ref119]\], \[[@pone.0185516.ref120]\]. By examining the level of glucose uptake in yeast cells, we provide evidence that the glucose flux must be present in the mutants and the isogenic wild-type strain. A glucose flux was observed in *rpc128-1007* yeast cells, but it seemed to be less efficient in comparison to the wild-type control as measured by 2-NBD glucose uptake ([Fig 3](#pone.0185516.g003){ref-type="fig"}) however difficult to assess quantitively. The initial rate of 2-NBDG analog uptake is different from glucose and differs within species \[[@pone.0185516.ref121]\]. Yeast cells transport the fluorescent analog according to Michaelis-Menten kinetics with a capacity (V~max~) of 9.2 nM min^-1^mg dry weight^-1^ and a Michaelis constant (Km) of 6.1 mM. Thus, 2-NDBG glucose has the potential to measure activity of *HXT2* and *HXT6/7* facilitated diffusion system \[[@pone.0185516.ref122]\]. Glucose uptake depends not only on *HXT* expression but also on the posttranslational modification of Hxt proteins, which occurs in the presence of glucose \[[@pone.0185516.ref014]\], \[[@pone.0185516.ref072]\]. We cannot exclude the absence of differences in posttranslational modification of the transporters between the strains used in this study and whether the *rpc128-1007* background provides an intracellular environment for the synthesis of functional, properly modified and folded Hxt2 transporters. Elevated transcription of *HXT* genes does not always correspond to increased glucose uptake \[[@pone.0185516.ref014]\].

Conclusions {#sec024}
===========

Regarding *HXT2* expression, which was fully derepressed in the *rpc128-1007* mutant, we demonstrated that cellular perception of nutrient availability alone is not sufficient to establish the *HXT2* transcriptional pattern in yeast with compromised RNAP III activity ([Fig 10](#pone.0185516.g010){ref-type="fig"}). Thus, the well-known glucose signaling mechanisms involved in repression and induction of the gene become redundant.

![Low RNAP III activity caused by Gly1007Ala point mutation in C128 RNAP III subunit, correlates with transcription of *HXT2* gene by RNAP II, despite repressing conditions.\
Activation of the Snf1-dependent glucose repression and Snf3/Rgt2-Rgt1 (SRR) signaling pathways do not repress the *HXT2* transcription by RNAP II. We propose Ssn6-Tup1 complex as a *HXT2* transcription coactivator in *rpc128-1007*. Under high-glucose conditions, Mth1 degradation occurs. Rgt1, which is phosphorylated by PKA, dissociates from the *HXT2* promoter. Mig1, which is bound to the regulatory region, recruits Ssn6-Tup1. The complex transforms into a coactivator complex due to an unidentified intracellular signal and the expression of *HXT2* is induced. Under non-fermentable growth conditions in the strain with low RNAP III activity, the Snf3/Rgt2-Rgt1 (SRR) pathway transduces the signal for unfavorable external conditions to Mth1, preventing its degradation. The Rgt1 and Tup1 corepressor complex transforms into an activator complex and strongly induces *HXT2* expression.](pone.0185516.g010){#pone.0185516.g010}

It is likely that intracellular signal, either a proteins or a metabolite, serves as a superior regulatory element for Rgt1/Ssn6-Tup1 corepressor complex, which facilitates switching the complex into an activator mode and can wholly account for *HXT2* mRNA accumulation in the strain with low RNAP III activity. The concentration of this molecule is a gauge of the metabolic state of the cells with different RNAP III activity and does not allow the cells to complete transcription program in a glucose concentration-dependent manner.
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###### Primers used to generate the deletion mutants and strains expressing the Mig1, Rgt1, Tup1 and Mth1 HA-tagged proteins.

(DOCX)

###### 

Click here for additional data file.

###### Plasmids used in the study.

(DOCX)
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Click here for additional data file.

###### Oligonucleotide sequences of the primers used in the real-time PCR experiment.

(DOCX)

###### 

Click here for additional data file.

###### Glucose depletion in yeast cultures.

To determine the glucose concentration in media, aliquots were collected from cultures at regular intervals starting *A*~*600*~ = 0.2 and grown to *A*~*600*~ = 1.4. Data are expressed as the mean concentration, in mg of glucose in 1 ml of medium, obtained from at least three independent experiments conducted in triplicate. The standard deviation is expressed in mg of glucose in 1 ml of medium.

(TIF)

###### 

Click here for additional data file.

###### Growth curves of *rpc128-1007* and *rsp5-Δ \[SPT23* ^*1--686*^:*URA3\]*.

Overnight yeast cultures grown in YPD medium supplemented with 2% glucose were diluted to A~600~ ≈ 0.2 and cultured for 12 h.

(TIF)

###### 

Click here for additional data file.

###### Tup1 occupancy profile on *HXT2* promoter in WT strain.

The WT (MB159-4D) strain expressing HA-tagged Tup1 was grown in 2% glucose (YPD) or 2% glycerol (YPGly) rich medium. Crosslinked chromatin was immunoprecipitated with antibodies against the HA epitope, followed by real-time PCR. The signals are presented as the percent of the INPUT signal from three separate experiments with standard deviations. Numbers from 1 to 6 correspond to real-time PCR amplification products in the *HXT2* promoter region on the [Fig 4A](#pone.0185516.g004){ref-type="fig"} panel.

(TIF)

###### 

Click here for additional data file.

###### *HXT2* expression pattern in *fab1-Δ* and *vac14-Δ* mutant cells.

Strains were cultured in rich medium (YP) supplemented with either 2% glucose or 2% glycerol. RNA was isolated when the culture reached A600 ≈ 1 and reversed-transcribed to cDNA. Isolated RNAs were examined by SYBR GREEN-based real-time PCR. The samples were normalized to two reference genes: *U2* spliceosomal RNA (*U2*) and small cytosolic RNA (*SCR1*). The bars represent ratios between the levels of respective mRNAs in the mutants and the control isogenic wild-type strain. The expression level in the WT strain (BY4741) was set as 1.0. The means ± standard deviations of the relative expression levels are shown. Asterisks (\*) indicate p-values ≤ 0.05 determined by Chi Square Test.

(TIF)

###### 

Click here for additional data file.
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